Introduction {#s1}
============

Hippocampal long term potentiation (LTP), the main experimental model for the synaptic changes underlying learning and memory [@pone.0058844-Bliss1], is under the influence of ascending neuromodulatory systems. Studies of LTP, mostly in CA1, show that persistence of LTP depends not only on the two factors of the Hebbian condition (presynaptic input and postsynaptic activity), but also on the action of neurotransmitter dopamine [@pone.0058844-Lisman1]. Dopamine D1/D5 receptor agonists facilitate induction of LTP in the CA1 region of hippocampal slices [@pone.0058844-Otmakhova1], anesthetized [@pone.0058844-Li1], and freely moving rats [@pone.0058844-Lemon1], while genetic inactivation [@pone.0058844-Granado1], [@pone.0058844-Ortiz1] or pharmacological blockade of D1/D5 receptors impairs CA1 LTP [@pone.0058844-Otmakhova1], [@pone.0058844-Frey1].

Dopaminergic projections from the ventral tegmental area (VTA), the area which mediates rewarding and motivated behaviors [@pone.0058844-Lisman1], differentially innervate subregions of the hippocampus so that CA1 area receives more dopamine input than CA3 or dentate gyrus [@pone.0058844-Gasbarri1]. The function of these projections is largely unknown; however, it has been proposed that VTA and hippocampus form a functional loop to control the entry of behaviorally significant information into long term memory [@pone.0058844-Lisman2]. This hypothesis is further supported by human fMRI studies showing there is a functional connectivity between VTA and hippocampus [@pone.0058844-I1], and in reward-motivated learning, VTA activity precedes and potentiates hippocampal memory formation [@pone.0058844-Lisman1], [@pone.0058844-Wittmann1], [@pone.0058844-Adcock1]. Moreover, rodent behavioral studies indicate VTA activity is necessary for spatial learning tasks, which are assumed primarily to depend on the function of the hippocampus. For example, disruption of the VTA impairs CA1 place field stability [@pone.0058844-Martig1] and Morris water maze task [@pone.0058844-Wisman1], and D1/D5 receptor inactivation produces deficits in different spatial and associative learning tasks [@pone.0058844-Granado1], [@pone.0058844-Ortiz1], [@pone.0058844-OCarroll1].

In addition to dopamine, VTA contains GABA, glutamate and a group of dopamine neurons that co-release glutamate or GABA [@pone.0058844-Fields1]--[@pone.0058844-Tritsch1] which along with dopamine neurons project to the limbic targets [@pone.0058844-Fields1], [@pone.0058844-Yamaguchi1] and may alter the net effect of dopamine. A number of studies using labeling techniques have shown that small percentage (15--18%) of VTA-hippocampal projections is dopaminergic but the identity of the remaining fibers has not been clearly explained [@pone.0058844-Gasbarri1], [@pone.0058844-Swanson1]. So far, the effect of VTA neural activity, as the main source of hippocampal dopamine [@pone.0058844-Gasbarri1], on LTP in the hippocampus of an intact brain has been rarely examined. One study has shown that nicotine induced LTP in dentate gyrus is mediated by activity of the VTA [@pone.0058844-Tang1], and a very recent study reported dopaminergic lesion of VTA/SNc impairs CA1 LTP in hippocampal slices [@pone.0058844-Costa1]. Since VTA and hippocampus are both proposed to be involved in novelty detection [@pone.0058844-Lisman2] and pathological behaviors such as drug addiction [@pone.0058844-Tang1], [@pone.0058844-Everitt1], a better understanding of their interaction is a topic of interest and may have considerable practical implications. Here we examined the effect of VTA reversible inactivation on CA1 LTP in anesthetized rat as well as learning of passive avoidance (PA), a hippocampal dependent task [@pone.0058844-Lorenzini1], [@pone.0058844-Bernabeu1]. Reversible inactivation method by using a local anesthetic drug with a quick onset, short time effect and rapid reversibility, provides us the opportunity to observe the hippocampal synaptic response before, during, and after transient blockade of VTA [@pone.0058844-Lashgari1], and the effect of a short time inactivation of the VTA on different phases of PA learning.

Materials and Methods {#s2}
=====================

Ethics Statement {#s2a}
----------------

All experimental procedures complied with the guidelines of the National Institutes of Health and the Iranian Society for Physiology. The study protocol was approved by the ethics committee of Neuroscience Research Center, Shahid Beheshti University of Medical Sciences under permit number 08-06-85174411.

Animals {#s2b}
-------

Adult male Wister rats weighing 250--300 g were obtained from breeding colony of the Neuroscience Research Center, Shahid Beheshti University of Medical Sciences, Tehran, Iran. In each cage, four rats were housed and maintained at a constant temperature of 22±1°C with a 12:12-h light/dark cycle beginning with lights on at 7:00 A.M. Food and water were available ad libitum in the home cages. All experiments were carried out between 9:00 A.M. and 6:00 P.M.

Surgical Procedures {#s2c}
-------------------

Animals were deprived of food and water for 12 h prior to surgery. Rats were anesthetized with urethane (1.5 g/kg, i.p.) and placed in a stereotaxic frame (Stoelting, USA) for surgery and recording. Supplementary injections of urethane (0.2--0.5 g/kg) were given when necessary to ensure full anesthesia. A heating pad was used to maintain the temperature of the animals at 36.5±0.5°C. Two small holes (1 mm diameter) were drilled in the skull at the position of left dorsal hippocampus for stimulating and recording electrodes, and one for a guide cannula at the position of the VTA. A guide cannula (12 mm, 23-gauge) was implanted unilaterally above the VTA (AP: 5.4 mm posterior to bregma, ML: 0.6 mm left to the midline, and DV: 7--7.1 mm from the skull surface based on Paxinos and Watson atlas [@pone.0058844-Paxinos1]). The cannula was fixed to the skull with dental cement and the exposed cortex was kept moist by the application of warm mineral oil. A bipolar stimulating electrode, a pair of twisted stainless steel Teflon-coated wires (125 μm inner diameter/150 μm external diameter, Advent Co., UK) with tips horizontally separated 500 μm apart was positioned at the Schaffer collateral pathway (AP: 3.1 mm posterior to bregma, ML: 3.1 mm, DV: 2.9--3.6 mm from the skull surface), and a similar recording electrode was positioned at the CA1 area of the dorsal hippocampus (AP: 2.8 mm posterior to bregma, ML: 1.8 mm, DV: 3.0--3.8 mm from the skull surface). The dura was pierced through both holes, and the recording and stimulating electrodes were lowered very slowly (0.2 mm/min) through the cortex and upper layers of the hippocampus into the CA1 stratum radiatum and the Schaffer collaterals, respectively. For behavioral study, animals were anesthetized with i.p. injection of a mixture of Ketamine (100 mg/kg) and Xylazine (2.5 mg/kg). Two cannulas were implanted bilaterally into the VTA and fixed to the skull with two jewelers\' screws and dental cement and then animals were placed in their home cage for a recovery period of 7 days. During surgery all efforts were made to minimize animal suffering.

Electrophysiological Recordings {#s2d}
-------------------------------

The field excitatory postsynaptic potential (fEPSP) slope was used as a measure of excitatory synaptic transmission in the CA1stratum radiatum. Single 0.2 ms monophasic square wave pulses generated by a constant current isolation unit (A365, WPI, USA) were applied to the Schaffer collaterals and evoked responses were generated in the stratum radiatum. Extracellular field potentials were amplified (×1000; differential amplifier DAM 80, WPI, USA), band pass filtered between 1 Hz and 3 kHz, digitized at 10 kHz, recorded and analyzed using a homemade software. The electrodes were lowered until the appearance of a negative deflecting fEPSP with the maximum response. To measure synaptic efficacy, the fEPSP slope was calculated as the maximum slope between the initial point of the fEPSP and the peak negative response. Preparations with maximum fEPSP amplitude \<1.5 mV at the maximum stimulus current or with population spikes were rejected. The optimal placement of the electrodes was determined by using electrophysiological criteria and was routinely verified by post-mortem examination. After the final determination of electrode placement, a minimum of 2 h was allowed to ensure stabilization of signal before measurements were collected. At the beginning of each experiment, input--output curve with stimulus intensities ranging from 100 to 900 μA was generated to determine the maximum fEPSP slope, and then the intensity of test stimulus was set at a level that evoked an fEPSP slope of 40% of the maximum. Test stimulation was then applied every 5 min before and after tetanic stimulation. For each time point measured during the experiments, five records of evoked responses at the frequency of 0.033 Hz were averaged. Baseline activity was measured every 5 min for at least 2 h to ensure stable baseline. The last 30 min of the baseline recording (6 time points), immediately before drug application or tetanic stimulation, was averaged and used as control for LTP induction [@pone.0058844-Lemon2]. The high frequency stimulation (HFS) protocol for inducing LTP consisted of 10 stimulus trains of 20 square wave pulses (0.2 ms duration) at 200 Hz (5 ms inter-stimulus interval) with 2 seconds inter-train interval. The magnitude of potentiation was expressed as the percentage of increase in the fEPSP slopes at the time points after tetanic stimulation relative to the slopes averaged over the 30-min baseline period. Induction of LTP was defined as increased fEPSP slope by more than 20% for at least 2 h after the HFS train. All data points were expressed as the mean ± SEM. Paired-pulse facilitation (PPF) was induced by delivering two stimuli with a 20, 50 and 100-ms inter-pulse interval at the test stimulus intensity. PPF index was defined as the ratio of the second response slope to the first one. In each experiment, average of fEPSP slopes of 5 paired-pulses delivered at the frequency of 0.033 Hz was measured. Further analysis was performed on the averages of responses.

Microinjection Procedures {#s2e}
-------------------------

Lidocaine (0.5 μl of 4% solution in saline), an Na^+^ channel blocker, was used to temporally inactivate the VTA. The volume of injection was determined on the basis of previous reports [@pone.0058844-Sombers1]--[@pone.0058844-Rossato1]. Injection needle (30-gauge) connected to a 5-μl Hamilton syringe by a short piece of polyethylene tubing, was inserted to the guide cannula, extending 1 mm below its tip. In electrophysiological experiments, 0.5 μl of saline or lidocaine was injected slowly over 1.5 min. The injection needle was then left in the place for an additional 1.5 min to achieve a proper diffusion of the drug from its tip. Once injection finished, needle, tube and syringe were again checked to ensure they were open during injection. The behavioral experiments were carried out between 1:00 P.M. and 6:00 P.M. Rats were given at least 7 days to recover before the start of behavioral testing and during this period were handled for 3 min every day to avoid emotional stress. In the training day 0.5 µl saline or lidocaine was injected bilaterally either before or after training slowly during 5 min (2 min for each side).

Step-Through Passive Avoidance (PA) Task {#s2f}
----------------------------------------

This test was performed as described previously [@pone.0058844-Davoodi1]. The apparatus consisted of an illuminated chamber (20 cm×40 cm×20 cm) made from transparent plastic that was connected by a rectangular opaque guillotine door (8 cm×8 cm) to the dark compartment of the same dimensions with black opaque walls and ceiling. The floor of both chambers was made of stainless steel rods (3 mm diameter) spaced 1 cm apart. The floor of the dark chamber could be electrified. The shock was delivered to the animal\'s feet via a shock generator. ***Training trials*** **:** All experimental groups were given two trials to habituate them to the apparatus. For these trials, rats were placed in the illuminated compartment of apparatus facing away from the door and 10 s later, the guillotine door was raised. After the rats entered the dark compartment, the door was closed and 30 s later animals were taken from the dark compartment into their home cage. The habituation trial was repeated after 30 min and followed after the same interval by the first acquisition trial. During the adaptation trials, latency to enter the dark compartment was measured to ensure that all animals entered the dark compartment in 60 s. In the training session, each rat was placed in the light chamber and after the animal had spontaneously entered the dark compartment, the door was closed, and an electric constant current foot shock (50 Hz square wave, 1 mA for 1.5 s) was delivered through the grid floor. The entrance latency to the dark compartment, step-through latency (STL), was recorded when the animal placed all four paws in the dark compartment. The animal was removed from the dark compartment about 30 s after receiving the shock and returned to its home cage, and the trial was repeated 2 min later. This procedure was performed until the rat stayed in the lighted compartment continuously for 120 s. Depending on the number of trials to reach this criterion, training usually lasted around 10--15 minutes. Three different experiments were done: in one experiment, drug was injected before training (injection was started 5 min before training and lasted 5 min) and in two other experiments drug was injected either immediately or 20 min after training. ***Retention test:*** The retention test was performed 24 h after PA acquisition trials in the same box without any electrical shock. The rat was placed in the illuminated chamber as in the training procedure and 10 s later, the guillotine door was raised, and STL and time in dark compartment (TDC) were measured up to 300 ms.

Histological Procedures {#s2g}
-----------------------

At the end of each experiment, under diethyl ether deep anesthesia rats were decapitated by guillotine and whole brains were removed and stored in 10% formalin for at least 5 days for histological verification of the electrodes and cannula localization. Brain sections were examined using a light microscope. Brains in which an incorrect electrode or cannula localization (outside the range of 5.2--5.6 mm posterior to bregma) was found were discarded from the study. [Figure 1](#pone-0058844-g001){ref-type="fig"} illustrates schematic placement of the recording and stimulating electrodes, and the injection needle tip terminating at the VTA.

![Schematic illustration of the location of electrodes and injection sites.\
Schematic representation of the location of electrodes in the dorsal hippocampus and the injection sites in the VTA in serial sections of the brain reconstructed from Paxinos and Watson, 2005. The numbers represent coordinates posterior to bregma.](pone.0058844.g001){#pone-0058844-g001}

Statistical Analysis {#s2h}
--------------------

Data were analyzed with the SPSS statistical program (SPSS, Inc., SPSS/PC+, Chicago: Illinois, USA). Induction of LTP was confirmed by comparing the average of baseline recordings before and after HFS with paired *t*-test. For analysis of difference between groups, one way or two-way analysis of variance (ANOVA) was applied. We applied analysis for 11 time points of recording; every 5 minutes for the first 30 minutes, and minutes 45, 60, 90 and 120. Statistical differences between individual time points were assessed with Student\'s *t*-test. For paired-pulse comparison we used paired and unpaired *t*-test. In PA learning, numbers of trials to acquisition, STL and TDC in all experiments were analyzed by Mann-Whitney *U*-test, or unpaired Student\'s *t*-test. Results are expressed as mean ± SEM. The significance level was set at *p*\<0.05.

Results {#s3}
=======

Effect of VTA Inactivation on Baseline Schaffer-CA1 Synaptic Activity {#s3a}
---------------------------------------------------------------------

No significant difference was found between baseline recording in saline (n = 6) and lidocaine (n = 7) groups (ANOVA: *F* ~1,\ 130~ = 1.908, *p* = 0.170; [Fig. 2](#pone-0058844-g002){ref-type="fig"}). In addition, no significant differences between the mean fEPSP slope before and after injection were found within the lidocaine group (*t*-test: *p* = 0.860) or within the control group (*t*-test: *p* = 0.388). This finding indicates basal synaptic transmission in Schaffer-CA1 is not influenced by the VTA inactivation.

![Baseline synaptic response in Schaffer--CA1 pathway is not affected by lidocaine injection into the VTA.\
No significant differences observed between lidocaine versus saline groups during 2 h of recording. The data are shown as mean ± SEM. Inset: Original analog traces showing evoked responses in the CA1 stratum radiatum after saline (S) and lidocaine (L) injection. The vertical scale bar corresponds to 1 mV and the horizontal to 5 ms.](pone.0058844.g002){#pone-0058844-g002}

Effect of VTA Inactivation on Paired-Pulse Facilitation in Schaffer-CA1 Synapses {#s3b}
--------------------------------------------------------------------------------

PPF was measured to evaluate the effect of VTA inactivation on the probability of transmitter release in the CA1 [@pone.0058844-Zucker1]. As shown in [Fig. 3](#pone-0058844-g003){ref-type="fig"}, using paired-pulse intervals of 20, 50 and 100 ms, we found no significant differences between the PPF indices of saline (n = 8) and lidocaine group (n = 7). Additionally, there was no significant difference between PPF index before and after saline or lidocaine injection into the VTA.

![Paired-pulse facilitation of fEPSPs recorded in the CA1 stratum radiatum after stimulation of Schaffer collaterals.\
PPF index is defined as slopes of fEPSP2/fEPSP1. No significant differences in PPF index were observed before and after saline or lidocaine injection and between the two experimental groups at different inter-pulse intervals. Inset: Original analog traces showing paired-pulse responses in the CA1 stratum radiatum at inter-pulse intervals of 20, 50, and 100 ms. The vertical scale bar corresponds to 1 mV and the horizontal to 10 ms.](pone.0058844.g003){#pone-0058844-g003}

Effect of VTA Inactivation on LTP Induction in the CA1 Area of the Hippocampus {#s3c}
------------------------------------------------------------------------------

To explore the effects of VTA inputs on the induction of hippocampal LTP, we compared Schaffer-CA1 LTP in rats that received intra-VTA injection of either saline or lidocaine before tetanic stimulation. Injection procedure was started around 5 min before LTP induction to make sure it was completed before HFS. Application of 200 Hz HFS induced a significant potentiation of the fEPSP slope more than 20% of baseline levels in both groups (155.89±10.74%, paired *t*-test: *p* = 0.001, n = 8 for saline and 159.51±10.96%, paired *t*-test: *p* = 0.001, n = 9 for lidocaine; average of fEPSP slopes over 2 h of recording after HFS). No significant difference was observed in the magnitude of LTP between the two groups (ANOVA: *F* ~1,\ 185~ = 0.318, *p* = 0.573; [Fig. 4](#pone-0058844-g004){ref-type="fig"}). In addition, no significant differences were found between different time points after the LTP induction within the lidocaine group (ANOVA: *F* ~10,\ 88~ = 0.810, *p*  = 0.620) or within the control group (ANOVA: *F* ~10,\ 77~ = 0.604, *p* = 0.806).

![The effect of intra-VTA injection of saline or lidocaine before tetanic stimulation of the Shaffer collateral on LTP induction in the CA1 stratum radiatum.\
LTP was induced in both saline and lidocaine groups with no significant difference between the magnitudes of potentiation. The data are shown as mean ± SEM. Inset: Exemplar original analog traces showing LTP induction in the CA1 stratum radiatum after high frequency stimulation for saline (S) and lidocaine (L) groups. The vertical scale bar corresponds to 1 mV and the horizontal to 5 ms.](pone.0058844.g004){#pone-0058844-g004}

Effect of VTA Inactivation on LTP Expression in the CA1 Area of the Hippocampus {#s3d}
-------------------------------------------------------------------------------

To investigate whether inactivation of the VTA has an effect on the maintenance phase of LTP, either saline or lidocaine was injected into the VTA immediately after HFS. In both groups LTP was induced (148.70±7.56%, paired *t*-test: *p* = 0.001, n = 7 for saline and 129.89±3.19%, paired *t*-test: *p* = 0.001, n = 6 for lidocaine). However, the magnitude of LTP in the lidocaine group was significantly lower than the saline group (ANOVA: *F* ~1,\ 141~  = 54.469, *p*\<0.001). In addition, statistically significant differences were found between the different time points within the lidocaine group (ANOVA: *F* ~10,\ 55~ = 2.659, *p* = 0.010) but not within the control group (ANOVA: *F* ~10,\ 66~ = 0.511, *p* = 0.876). In order to explore the effect of time in more details, we compared the fEPSP slope between the two groups in each individual time point with Student\'s *t*-test. The maximal suppression of LTP was found immediately after the lidocaine injection, that fEPSP slope was 115.15±4.07% compared with 157.02±13.39% in the saline group (*p* = 0.029). The magnitude of LTP in the lidocaine group was significantly lower than the control group for the first 20 minutes following injection (*p* = 0.042 for the time point of 5 min, and for the time points of 10, 15 and 20 min *p* = 0.012, *p* = 0.010, and *p* = 0.031, respectively; [Fig. 5A](#pone-0058844-g005){ref-type="fig"}), and then gradually increased and reached the level of control LTP although it was still lower than the control level for around 1 h. Interestingly, this pattern of activity was detectable in individual response of all rats in the lidocaine group except two animals with cannula outside the VTA (misplacement controls). Moreover, the variations of responses (standard errors of means) are very small, that means VTA inactivation effectively suppresses CA1 LTP. Because the response in the lidocaine group was still lower than control group after 20 min, we averaged the magnitude of potentiation over 10 min windows and in this way the difference between two groups remained significant for 30 min (for 1--10 min *p* = 0.025, for 10--20 min *p* = 0.014, and for 20--30 min *p* = 0.034; [Fig. 5B](#pone-0058844-g005){ref-type="fig"}).

![The effect of intra-VTA injection of saline or lidocaine immediately after tetanic stimulation on the expression of Schaffer-CA1 LTP.\
A) In both groups LTP was induced, but in the lidocaine group the magnitude of LTP was significantly lower than the control during the first 20 minutes (*p* = 0.029 for the time point of 1 min, and for the time points of 5, 10, 15 and 20 min *p* = 0.042, *p* = 0.012, *p* = 0.010, and *p* = 0.031, respectively). The data are shown as mean ± SEM. Inset: Exemplar original analog traces showing the magnitude of LTP in the saline (S) and lidocaine (L) groups for the first 20 min after HFS. The vertical scale bar corresponds to 1 mV and the horizontal to 5 ms. B) When fEPSPs were averaged in 10 min periods after the injection, difference between saline and lidocaine groups remained significant for 30 min (for 1--10 min *p* = 0.025, for 10--20 min *p* = 0.014, and for 20--30 min *p* = 0.034). Bar charts represent means ± SEM of fEPSPs.](pone.0058844.g005){#pone-0058844-g005}

Effect of VTA Inactivation 20 min Post-HFS on LTP Expression in the CA1 Area of the Hippocampus {#s3e}
-----------------------------------------------------------------------------------------------

In order to explore the effect of VTA inactivation on LTP expression at another time point after tetanic stimulation, in two groups of animals LTP was induced and then 20 min later either saline or lidocaine was injected. In both groups LTP was induced (141.51±7.80%, paired *t*-test: *p* = 0.003, n = 6 for saline and 144.96±10.15%, paired *t*-test: *p* = 0.011, n = 5 for lidocaine) that persisted for 2 h of recording. The magnitude of LTP was not significantly different between the two groups (ANOVA: *F* ~1,\ 119~ = 0.143, *p* = 0.71, [Fig. 6](#pone-0058844-g006){ref-type="fig"}). In addition, statistically significant differences were not found between the different time points within the lidocaine group (ANOVA: *F* ~10,\ 44~ = 0.101, *p* = 1.0) or the control group (ANOVA: *F* ~10,\ 55~ = 0.073, *p* = 1.0).

![The effect of intra-VTA injection of saline or lidocaine 20 min after tetanic stimulation on the expression of Schaffer-CA1 LTP.\
The magnitude of LTP was not significantly different between the two groups. Different time points within each group were not significantly different as well. Inset: Exemplar original analog traces for LTP in the saline (S) and lidocaine (L) groups. The vertical scale bar corresponds to 1 mV and the horizontal to 5 ms.](pone.0058844.g006){#pone-0058844-g006}

Effect of Pre-Training Inactivation of the VTA on Acquisition of PA {#s3f}
-------------------------------------------------------------------

To examine the effect of pre-training inactivation of the VTA, two groups of randomly selected animals received intra-VTA injection of either saline or lidocaine before training. In order to rule out the possible effect of lidocaine on the animal\'s motivation for entering the dark compartment as well as its locomotor activity, we first compared STL of the first and second trials of training between the two groups and found no significant difference between the groups (*p* = 0.29 & *p* = 0.36, respectively; data not shown). Then we compared the effect of pre-training intra-VTA infusion of saline (n = 6) or lidocaine (n = 6) on the number of trials necessary to reach the acquisition criterion. Both groups required the same number of trials to attain criterion performance (2.33±0.42 for the saline group, 2.16±0.16 for the lidocaine group; Mann-Whitney *U*-test: *p* = 0.92; [Fig. 7A](#pone-0058844-g007){ref-type="fig"}), indicating that pre-training blockade of the VTA did not impair acquisition of the PA task. Measurement of memory 24 h after training showed no significant difference between the two groups for STL (*t*-test: *p* = 0.44) and TDC (*t*-test: *p* = 0.23) indicating pre-training inactivation of the VTA had no effect on the retention of PA, although there was a trend for lower STL (89.00 ± 53.74 vs. 148.3±50.55) and higher TDC (156.5±53.28 vs. 75.33±36.96) in the lidocaine group ([Fig. 7B](#pone-0058844-g007){ref-type="fig"}).

![The effect of pre-training inactivation of the VTA on acquisition of PA task.\
A) Both saline and lidocaine groups required the same number of trials to attain criterion performance (2.33±0.42 for saline, 2.16±0.16 for lidocaine; Mann-Whitney *U*-test: *p* = 0.92), indicating that pre-training blockade of the VTA did not impair acquisition of the PA task. B) Measurement of memory 24 h after training showed STL and TDC were not statistically different between the two groups indicating pre-training inactivation of the VTA had no effect on the retention of PA, although there was a trend for lower STL and higher TDC in the lidocaine group.](pone.0058844.g007){#pone-0058844-g007}

Effect of Immediate Post-Training Inactivation of the VTA on Consolidation of PA {#s3g}
--------------------------------------------------------------------------------

In this experiment, two groups were trained until they reached the acquisition criterion and then immediately received either saline (n = 7) or lidocaine (n = 6). The number of trials to reach the criterion was 1.85±0.20 for saline and 2.00±0.36 for lidocaine groups without a significant difference (Mann-Whitney *U*-test: *p* = 0.81). In the retention test 24 h later, the lidocaine group exhibited a significantly lower STL (25.83±11.68 vs. 137.1±39.99, *t*-test: *p* = 0.03), and a higher TDC (184.3±34.29 vs. 26.57±10.23, *t*-test: *p* = 0.005) compared to the saline group ([Fig. 8A](#pone-0058844-g008){ref-type="fig"}). This data indicates immediately post-training inactivation of the VTA impairs consolidation of PA memory.

![The effect of post-training inactivation of the VTA on consolidation of PA learning.\
A) When VTA was inactivated immediately post-training, in the retention test 24 h later the lidocaine group exhibited a significantly lower STL (*t*-test: *p* = 0.03), and a higher TDC (*t*-test: *p* = 0.005) compared to the saline group, indicating immediately post-training inactivation of the VTA impairs consolidation of PA memory. B) When VTA was inactivated 20 min after training, STL (*t*-test: *p* = 0.83) and TDC (*t*-test: *p* = 0.86) measured 24 h later were not different between saline and lidocaine groups, indicating inactivation of the VTA 20 minutes after the acquisition phase did not affect memory consolidation in PA task.](pone.0058844.g008){#pone-0058844-g008}

Effect of Late Post-Training Inactivation of the VTA on Consolidation of PA {#s3h}
---------------------------------------------------------------------------

Two groups of animals were trained until they acquired the criterion and 20 min later they received either saline (n = 8) or lidocaine (n = 8). The number of trials to reach the criterion was 2.00±0.26 for saline and 2.12±0.22 for lidocaine groups without a significant difference (Mann-Whitney *U*-test: *p* = 0.76). There was no significant difference between STL (*t*-test: *p* = 0.83) and TDC (*t*-test: *p* = 0.86) measured 24 h later ([Fig. 8B](#pone-0058844-g008){ref-type="fig"}), indicating inactivation of the VTA 20 minutes after the acquisition phase had no effect on memory consolidation in PA.

Discussion {#s4}
==========

The main finding of this study is that pre-HFS inactivation of the VTA had no effect on CA1 LTP induction, but its post-HFS inactivation transiently suppressed the expression of LTP in anesthetized rat. VTA inactivation 20 min after tetanic stimulation had no effect on the expression of LTP. Basic synaptic response and PPF were not affected as well. In the PA task, blocking the VTA immediately after training impaired memory consolidation, while its blockade before training or 20 min after training did not produce any memory deficit. Together, these findings suggest a role for the VTA in hippocampal synaptic plasticity and memory. It has been proposed that VTA interacts with hippocampus to form long term memories [@pone.0058844-Lisman2], and VTA disruption impairs hippocampal dependent functions such as Morris water maze [@pone.0058844-Wisman1] and CA1 place field stability [@pone.0058844-Martig1]. Our study shows a direct influence of the VTA neural activity on CA1 LTP.

Consistent with our data, previous studies found no changes in the baseline synaptic response as well as PPF in the CA1 area of anesthetized rats by inactivation [@pone.0058844-Tang1], electrical lesion or stimulation of the VTA [@pone.0058844-Spencer1] and in D1R depleted animals [@pone.0058844-Granado1], [@pone.0058844-Ortiz1]. A recent study clearly showed there are no differences in postsynaptic currents recorded by patch clamp, extracellular field EPSP~s~ and paired-pulse ratios of field EPSP~s~ in slices from sham-operated and VTA/SNc 6-OHDA-lesioned rats [@pone.0058844-Costa1]. Since PPF is mostly associated with the enhanced presynaptic transmitter release [@pone.0058844-Zucker1], our result likely indicates modulatory dopaminergic inputs from the VTA are not acting on the presynaptic terminals in the CA1 area. Indeed, available evidence demonstrates most D1/D5 receptors are postsynaptic particularly in the cell membrane of the CA1 pyramidal cells [@pone.0058844-Huang1].

There is a large body of evidence for dopaminergic involvement in hippocampal LTP and learning and memory both in human [@pone.0058844-Chowdhury1], [@pone.0058844-Hamilton1] and rodents [@pone.0058844-Lisman2]. While most of the previous studies demonstrate dopamine (DA) receptors in the CA1 area influence the late, protein synthesis-dependent phase of LTP [@pone.0058844-Lisman1], [@pone.0058844-Frey1], fewer reports suggest that loss of DA impairs CA1 early LTP [@pone.0058844-Otmakhova1], [@pone.0058844-Granado1], [@pone.0058844-Ortiz1]. We found that when the VTA was inactivated immediately after tetanic stimulation, the magnitude of the early phase of LTP was decreased significantly for 20--30 min and then gradually increased to the control level. Studies on the effective time course of lidocaine show that this drug silences neural activity for 3--10 min and then complete recovery occurs within 5--15 min after the injection [@pone.0058844-Malpeli1]--[@pone.0058844-Boeijinga1]. Therefore, it can be suggested that the magnitude of LTP was suppressed during VTA inactivation and by gradual recovery of the VTA it returned to the control level. One possible explanation for this finding could be reduction of DA in the CA1 area during VTA inactivation. Real-time measurement of dopamine transmission in the nucleus accumbens of awake rats clearly showed both electrically evoked release of DA and its naturally occurring transients were significantly attenuated following intra-VTA microinfusion of 0.5 µl lidocaine [@pone.0058844-Sombers1]. Moreover, it has been shown that 50% dopaminergic cell loss of the VTA by 6-OHDA resulted in 74% reduction of DA in the hippocampus [@pone.0058844-Wisman1]. Therefore, it can be suggested that following inactivation of the VTA dopamine concentration in the CA1 area is decreased which in turn affects LTP magnitude. In agreement with this finding, recent study by Costa *et al.* has shown unilateral 6-OHDA lesion of the SNc/VTA significantly reduced DA transmission and the magnitude of early LTP in the CA1 area recorded in hippocampal slices [@pone.0058844-Costa1]. Also Gurden *et* *al.* has reported when electrolytic lesion of the VTA produced more than 50% DA depletion in the prefrontal cortex of freely moving rats, the magnitude of LTP in hippocampus-prefrontal synapses was decreased during the first hour following tetanus, and then slowly raised and reached the level of potentiation in the control group [@pone.0058844-Gurden1]. Short duration of LTP suppression in our experiment and its recovery to the control level after 20--30 min could be explained by increase of DA while the VTA is returning to its normal activity. On the other hand, this finding is nearly similar to what Gurden and colleagues reported, and may implicate a common compensatory mechanism in both permanent and transient lesions of the VTA in the intact brain.

On the contrary, when the VTA was inactivated before tetanic stimulation LTP was normally induced. This finding is in line with several reports indicating DA is necessary for the maintenance rather than induction of LTP [@pone.0058844-Lisman1], [@pone.0058844-Frey1], [@pone.0058844-OCarroll2]--[@pone.0058844-Navakkode1]. For example, O\'Carroll and Morris showed with application of DA antagonists early LTP in the CA1 area of hippocampal slices was normally induced but its maintenance was significantly impaired [@pone.0058844-OCarroll2]. On the other hand, a number of studies have reported the involvement of DA in LTP induction in certain experimental conditions [@pone.0058844-Li1], [@pone.0058844-Lemon1], [@pone.0058844-Hamilton1]. Huang and Kandel demonstrated D1/D5 antagonists depressed LTP induced by triple tetanization while had no effect on LTP induced by one train of tetanus in slices [@pone.0058844-Huang2]. Lemon and Manahan reported when a D1/D5 receptor agonist was injected before tetanus it lowered the threshold for LTP induction and LTP was induced by a weak tetanus; however, injection of a DA antagonist before strong tetanus had no effect on induction and early phase of LTP but impaired the late phase (\>3 h) in freely moving rats [@pone.0058844-Lemon2]. Therefore, the protocol used for LTP induction [@pone.0058844-Buschler1], differences between *in vitro* and *in vivo* conditions, and the method used for DA manipulation might be some possible reasons for different and sometimes paradoxical findings about the effect of DA on induction and maintenance of LTP. Moreover, in our experiments the results of pre- and post-HFS injection of lidocaine are more difficult to explain considering the fact that pre-HFS inactivation of the VTA might have influenced the initial moments of LTP expression, but have not impaired it. The underlying mechanisms of this paradox would be better understood by complementary experiments such as measurement of the VTA neural activity and DA fluctuations in the CA1 area after lidocaine injection. However, a possible mechanism can be postulated for normal expression of LTP. HFS is an artificial electrical stimulation and we have used a strong HFS protocol; therefore, the strength of HFS may have overcome the effects of (partial) blockade of the VTA. Weak, sub threshold stimulation in "learning-facilitated plasticity" [@pone.0058844-Li1], [@pone.0058844-Hansen1] may provide a more natural condition to measure the effects of the VTA dopaminergic signals and help elucidating this paradoxical finding.

On the other hand, the results of PA learning show that VTA inactivation did not affect acquisition but impaired memory consolidation. This finding is in line with a lesion study showing chemical lesions of the VTA did not affect acquisition of PA, while significantly decreased the STL 24 h later [@pone.0058844-Hefco1]; however, because of producing permanent lesions they could not compare the consolidation versus retention phase. Moreover, intra-hippocampal infusion of D1/D5 receptor antagonists before training did not affect the encoding of associative and spatial memories, while its infusion immediately after training impaired consolidation of these hippocampal dependent memories [@pone.0058844-OCarroll1], [@pone.0058844-Bethus1]. Considering the limitations of applying interpretations of electrophysiological data to the behavioral findings, in our study we can compare the effect of VTA inactivation on acquisition and consolidation of PA with its effect on the induction and expression of LTP, respectively.

When VTA was inactivated 20 min after tetanus it did not affect LTP expression. This may suggest that pairing of inactivation with HFS in a short time period is important to see the suppression effect and once LTP has been established, blocking the VTA has no influence on its magnitude. Our behavioral findings seems to be consistent with the electrophysiological data so that inactivation of the VTA immediately after training impaired memory consolidation while its blockade 20 min after training had no effect. This data is supported by several reports that intra-hippocampal infusion of DA antagonists during or immediately after training, but not 15 min or 2 h or 3 h later impairs consolidation of spatial memory and inhibitory avoidance tasks; implying DA has no effect on previously established memories [@pone.0058844-OCarroll1], [@pone.0058844-Castellano1], [@pone.0058844-daSilva1]. It has been suggested that physiological impact of dopaminergic activity is to interact with NMDA receptors at or around the time of encoding to trigger cellular consolidation processes immediately after encoding [@pone.0058844-OCarroll1], [@pone.0058844-Bethus1].

Finally, VTA non-dopaminergic neurotransmitters including glutamate and GABA also might have influenced our results. Rossato *et al.* demonstrated immediate post-training activation of the VTA is essential to determine the duration of long term memory in PA task; however, this role does not involve hippocampal D1 receptors since none of the immediate manipulations of these receptors affected long term memory [@pone.0058844-Rossato1]. Bernabeu *et al.* suggested that a dopamine-independent, PKA-mediated mechanism may also be required in the immediate early phase of memory formation in the hippocampus [@pone.0058844-Bernabeu1]. In fact, it has been demonstrated that VTA stimulation in anesthetized rats evokes a fast, short-latency EPSP in PFC that is not mediated by dopamine, but rather by glutamate AMPA and NMDA receptors [@pone.0058844-Stuber1], [@pone.0058844-Tecuapetla1]. These data suggest the net effect of VTA activity may not be limited to the neuromodulatory action of dopamine. Considering the small percentage of VTA-hippocampal dopaminergic fibers [@pone.0058844-Gasbarri1], [@pone.0058844-Swanson1], a possible influence of non-dopaminergic neurotransmitters on synaptic responses in our study could also be assumed [@pone.0058844-Lapish1].

Based on the previous studies, infusion of 0.5 μl lidocaine covers almost 70% of the VTA [@pone.0058844-Sombers1], therefore in our study lidocaine likely inactivated substantial portions of the VTA without affecting the nearby structures. However, lidocaine also inactivates fibers of passage from raphe nucleus and locus coeruleus [@pone.0058844-Spencer1], [@pone.0058844-Oades1] that might have produced the observed LTP impairment. Previous studies showed serotonin antagonists increase the magnitude and duration of CA1 LTP [@pone.0058844-Stubli1], [@pone.0058844-Wang1], while its agonists block it [@pone.0058844-Corradetti1], [@pone.0058844-Shakesby1]. On the other hand, locus coeruleus stimulation or application of noradrenergic agonists induces long term depression [@pone.0058844-Lemon3], [@pone.0058844-Scheiderer1] or modulate low frequency stimulation induced LTP [@pone.0058844-Katsuki1], [@pone.0058844-Thomas1] at Shaffer-CA1 synapses. Therefore, inactivation of the passing fibers does not seem to produce LTP suppression in our study, although this possibility cannot be entirely ruled out without complementary experiments. Finally it should be noted that although here we have shown that VTA inactivation impairs hippocampal LTP and PA memory, further studies are required to rule out the possible role of other brain regions that receive inputs from the VTA and mediate PA response such as amygdale and nucleus accumbens [@pone.0058844-Fields1], [@pone.0058844-Oleson1]--[@pone.0058844-Davis1] in the observed PA memory deficit. In conclusion, VTA activity seems to be important for the expression rather than induction of hippocampal LTP, and in consolidation but not acquisition of PA learning. This study provides supporting evidence for the idea that the VTA and hippocampus form a functional loop to control the entry of newly acquired information into the storage of long term memory [@pone.0058844-Lisman2].
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